Objectives: The objective of this study was to determine whether hypoxic preconditioning (HP) could lessen the myocardial increase 
Introduction
hinder the delivery of oxygen to myocytes subjected to ischemia, while a weakening in the defense against oxidaSeveral clinical studies have reported that the morbidity tive stress [9] and in the aerobic metabolism of the and mortality rates following an acute myocardial infarcpostischemic myocardium [10] have been reported in aged tion are higher in the elderly [1] [2] [3] [4] . The hearts of senescent animals, although the causes of such decreased ischemic animals are less tolerant than those of young adult animals tolerance with aging have not been established. to ischemia-reperfusion injury [5] [6] [7] . The loss of a Ataka et al. [11] reported that the increase in cytosolic 21 number of myocytes, the development of hypertrophy and [Ca ] is accelerated in the senescent myocardium during 21 the increase in the volume of interstitial tissue [8] may ischemia. This increase in cytosolic [Ca ] may progress to a lethal cellular injury, and is thought to result in part 21 1 21 from the excessive influx of Ca via a Na -Ca 21 exchange mechanism [12, 13] . We previously reported that rats before ischemia, and that the increased [Na ] was further exacerbated at the end of ischemia compared with 2.2. Measurement of LV function that seen in the young adult myocardium [14] .
Ischemic preconditioning (IP) and hypoxic precondiEight hearts from each age group were subjected to 20 tioning (HP) both similarly protect the hearts of the young min of oxygenated recirculating perfusion [HP (2) ] (A). animals against myocardial ischemia-reperfusion injury.
Another eight hearts from each age group were subjected However, this protective effect of IP is lost in myocardium to 20 min of oxygenated and 10 min of hypoxic (gassed that is vulnerable to ischemia with aging [15, 16] . It with 95% N -5% CO ) perfusion [HP (1) resulting in a lessening of the myocardial Ca overload sure, LVDP5LVSP2LVEDP; and the maximal and miniand an improved recovery of myocardial function [13, 17] .
mal values of the rate of LV pressure change, i.e., LV peak The objective of the present study was to determine positive dP/ dt and LV peak negative dP/dt, respectively) whether HP improves the myocardial ionic imbalance and was measured before inducing the period of sustained ischemia-reperfusion-induced injury in the myocardium of global ischemia in order to record pre-ischemic control aging rats.
values. During the hypoxic perfusion in HP(1), the coronary perfusion pressure (i.e., aortic pressure) was adjusted to maintain the rate of coronary flow at the same rate as during oxygenated perfusion ( Table 1 ). The hearts, 2. Methods either with or without HP, were then subjected to 25 min of sustained global ischemia followed by 30 min of reperfuWe studied male Fischer 344 rats (Charles River Japan), sion (Fig. 1A) . The electrical pacing was discontinued a strain that has been extensively used as a model of aging during hypoxic perfusion and sustained global ischemia [18] . This strain does not exhibit significant coronary, because such pacing throughout the sustained ischemia vascular or valvular abnormalities with aging and the increased the rate of ventricular tachyarrhythmias during survival curve shows almost no decline until rats reach 70-to 80 weeks of age [18, 19] .
Preparation and instrumentation
Sixty young adult (12-week-old; weighing 180-230 g), 60 middle-aged (50-week-old; weighing 380-420 g), and 60 senescent (100-week-old; weighing 410-450 g) rats were anesthetized by an intraperitoneal injection of sodium pentobarbital (40 mg / kg). The heart was removed and perfused at 378C using a modified Krebs-Henseleit buffer that was gassed with 95% O -5% CO and containing 2 2 (mmol / l) NaCl 118, NaHCO 25, KCl 4. (pH 7.4). reperfusion [20] . The epicardial electrocardiograms were released from the myocytes (n58 for each age group). CK analyzed to determine the incidence of ventricular tachyactivity was measured by the adenosine diphosphate-decardia (VT) and / or ventricular fibrillation (VF) during the pendent dephosphorylation method that uses creatine phosfirst 25 min of reperfusion, according to the criteria of the phate as the substrate [22] . CK release was presented as Lambeth Conventions [21] . In hearts with VT or VF after U / g dry weight of tissue (U / g dry). 25 min of reperfusion, electrical or mechanical conversion ischemia (n58 for each age group), as described previously [23] . The ventricles were then frozen with Wollenberger 2.3. Analysis of myocardial energy metabolites clamps and pulverized. The frozen tissue powder was digested in concentrated nitric acid at 608C for 48 h and its Another 20 hearts from each age group were perfused ionic content was measured with an atomic absorption and were frozen at each time point as described in Fig. 1B .
spectrometer (Hitachi, Tokyo, Japan). The amounts of 14 These frozen hearts and those frozen after 30 min of [ C]-labeled sorbitol in the solution and the perfusate reperfusion (described in Fig. 1A ) were pulverized with a were determined with a liquid scintillation specmortar and pestle that had been cooled in liquid nitrogen.
trophotometer. The volume of perfusate in the solution was An aliquot of the frozen tissue powder was then extracted calculated by dividing the residual radioactivity due to the 14 into ice-cold perchloric acid (6%, w / v). The neutralized [ C]-labeled sorbitol by the sorbitol radioactivity in the 1 21 perchloric acid extracts were assayed for ATP, creatine perfusate. The intracellular [Na ] or [Ca ] was calcui i phosphate and lactate using a standard enzymatic prolated by subtracting the extracellular ionic content from the cedure [12] . To determine the myocardial glycogen contotal ionic content. Intracellular ionic contents were extent, a portion of frozen tissue powder (150-200 mg) was pressed as mol / g dry. mixed with 0.3 ml of 30% KOH and boiled for 30 min, resuspended with 0.2 ml of 2% Na SO plus 2 ml of 2 4 2.6. Statistical analysis absolute ethanol, and placed in a freezer at 248C overnight. The resuspension was then centrifuged at 4000 rpm Data are expressed as mean6SEM. Comparisons among (2300 g) for 10 min and the resultant pellet was regroups or among time points in each group were persuspended in 2 ml of 66% ethanol and recentrifuged at formed using two-way analysis of variance (ANOVA) 4000 rpm for 10 min. The pellet was then digested with 1 followed by Tukey's test. A chi-square test followed by ml of 2 N H SO for 3 h in a boiling bath. The resultant 2 4 Fisher's Exact test was used to evaluate the differences in solution was neutralized with 1 ml of 0.5 M MOPS and the incidence of VT or VF during reperfusion. A level of 30% KOH and used to assay for glucose as a degradation p,0.05 was accepted as being statistically significant. product of glycogen. Myocardial energy metabolites were expressed as mol / g dry weight of tissue (mol / g dry).
Analysis of release of creatine kinase (CK)

Results
In the hearts used for analysis of LV function in Fig. 1A , The heart weight / body weight ratio was 0.3160.03 the recirculating coronary perfusate (50 ml / heart) used (12-week-old rats), 0.3060.04 (50-week-old rats) and during the 20 min of oxygenated pre-ischemic perfusion or 0.3460.05 (100-week-old rats). There was no significant the 30 min of reperfusion were assayed for CK activity difference in the ratio among groups. (Table 5 ). In the hearts without HP, the myocardial levels of glycogen before ischemia in the older groups The three age groups did not differ significantly in their were 1.5 times higher than the level found in the 12-weekindices of LV function before ischemia (Table 2) . LVEDP old rats (Table 5 ). At the end of 25 min of ischemia, the increased more in the 50-and 100-week-old rats than in cardiac glycogen level decreased in all three groups, but the 12-week-old rats at the end of ischemia (Table 3) .
the levels were still significantly higher in the older groups Electrical or mechanical conversion was needed for one, (Table 6 ). In the hearts without HP, the levels of the one or one heart of 12-, 50-or 100-week-old group without high-energy phosphates at the end of ischemia did not HP and zero, two or one heart of 12-, 50-or 100-week-old differ significantly among the three groups ( Table 6 ). The group with HP. In the hearts without HP, the percentage recovery of the level of creatine phosphate during the 30 recoveries of the LVSP, the LVDP, the LV peak positive min of reperfusion after ischemia in the hearts without HP dP/dt and the LV peak negative dP/dt were significantly was greater in the 12-week-old rats than in the older lower in the 50-and 100-week-old rats than in the 12-groups ( Table 7) . The lactate levels before ischemia, at the week-old rats regardless of the readjustment of LVEDP end of ischemia, and after 30 min of reperfusion did not (Tables 3 and 4) . When HP was performed in all three differ among the three groups. groups, the recovery of LV function was improved only in HP reduced the myocardial glycogen content in all three the 12-week-old rats (Tables 3 and 4). groups; again the level of glycogen was higher in the older groups than in the 12-week-old rats (Table 5) , although the 3.2. Myocardial energy metabolite levels value was equivalent to that before HP in the 12-week-old rats. The glycogen level at the end of ischemia was lower The content of myocardial ATP, creatine phosphate or in the preconditioned hearts than in the non-preconditioned lactate did not differ among the three groups before hearts in the older age groups (Table 6 ). When HP was Table 3 are obtained from the same group as in Table 2 . LVEDP, left ventricular end-diastolic pressure. Other abbreviations are the same as in Table 2 . Table 2 after readjustment of LVEDP to 10 mmHg and are presented as mean value6SEM of eight hearts. Abbreviations are the same as in Tables 2 and 3 . performed in the 12-week-old rats, the levels of high- (Tables 3 and 7 Fig. 2 ). In the other groups, however, HP energy phosphates were recovered during 30 min of did not reduce the amount of CK released. reperfusion in an accelerated fashion (Table 7) . However, in the older groups, HP did not improve the recovery of 3.4. Reperfusion-induced VT and VF ATP during reperfusion.
The incidence of reperfusion-induced VF and VT during post-ischemic reperfusion did not differ significantly 3.3. The release of CK among the three groups, if they had not undergone HP (Fig. 3) . HP increased the incidence of VF in the older The release of CK into the coronary effluent did not groups, although statistical significance was observed only differ significantly among the three groups during control between the 50-week-old and 12-week-old rats. normoxic perfusion. The release of CK during 30 min of reperfusion increased in the three groups; the increase was 3.5. Intracellular ion levels before and at the end of significantly higher in the older groups (Fig. 2) . When HP ischemia was performed in the 12-week-old rats, a reduction in the rats. intracellular water content that occurs with aging. However, the difference in intracellular water content between the young adult and aged rats in that study was only 6%, which does not explain the two-fold increase in the al. [29] reported no significant changes in the free Na activities of the left atrial or papillary muscles with aging, when measured by an ion-selective microelectrode.
Results of previous studies suggest that there is a older groups than in the 12-week-old rats (Fig. 4) . HP decrease in Na -K pump activity in the former. The
reduced the increased levels of myocardial [Na ] in the Na -K pump is mainly driven by glycolytic ATP [32] . [26] . The activity of some glycolytic old, 4.660.3 mol / g dry).
enzymes, including phosphorylase, is reportedly increased in the aged myocardium [33] . This suggests that a possible increase in glycolytic flux is required to compensate for the 1 1 4. Discussion decrease in the functional activity of the Na -K pump, even under normoxic conditions. It, thus, seems likely that
1
The present study showed that HP was of no benefit to [Na ] regulation is more susceptible to changes in i the hearts of aging rats. Such hearts are less tolerant of glycolytic flux in the aged myocardium. The occurrence of
author concluded that the elevated concentrations of [Na ] in rat hearts. Na -HCO symport may also i 3 1 intracellular ions were due mainly to the decrease in contribute to Na influx, especially, during reperfusion [36] . However, Imanishi et al. [37] reported an increase in since the rate of glycolytic flux and the regulation of [Na ] during ischemia in rat hearts that was of the same intracellular ion homeostasis change with aging.
i extent as that reported by van Emous et al. [34] , although HP improved the recovery of LV function and highthe former group used a bicarbonate-free buffer while the energy phosphates, and reduced CK release during reperfulatter group employed a modified Krebs-Henseleit buffer.
sion in the 12-week-old rats, which is consistent with our risk of excessive inhibition of Na extrusion by the Nation, Culture and Science, Japan.
K pump. To the contrary, Langestrom et al. [39] found that glycogen depletion before ischemia was detrimental in rabbit hearts. However, the initial glycogen content of their
